A DNA-triplex stabilizing purine (8-aminoguanine) is designed based on molecular modeling and synthesized. The substitution of guanine by 8-aminoguanine largely stabilizes the triplex both at neutral and acidic pH, as suggested by molecular dynamics and thermodynamic integration calculations, and demonstrated by melting experiments. NMR experiments confirm the triplex-stabilizing properties of 8-aminoguanine and demonstrate that few changes are found in the structure of the triplex due to the presence of this modified base.
INTRODUCTION
DNA triplexes based on the pyrimidine motif (R·Y-Y) are formed by the interaction of a pyrimidine strand (the triplexforming oligonucleotide) with the purine strand of a DNA duplex via H-bond interactions in the major groove (1 and references therein). In this pyrimidine motif two triads are found ( Fig. 1 ): (i) d(A·T-T), where a thymine recognizes an adenine ( Fig. 1) , and (ii) d(G·C-C), where the purine is recognized by cytosine. In the two cases the triplex-forming oligonucleotide binds to the DNA duplex through the major groove and the recognition involves the formation of Hoogsteen H-bonds.
The formation of two H-bonds between guanine and the Hoogsteen cytosine in d(G·C-C) is typically achieved by protonation of the Hoogsteen cytosines, leading to d(G·C-C) + triads (2-13). The resulting triplexes are then strongly pH-dependent and are often unstable at neutral pH (2) (3) (4) . It has been suggested that for homoguanine tracks (three or more contiguous guanines) the protonation of all the Hoogsteen cytosines might lead to a strong repulsive interaction, which could unfold the triplex (14, 15) . Molecular dynamics, calorimetric and NMR data (14) (15) (16) (17) suggest that, at least for homoguanine tracks, a minor percentage of neutral cytosines coexists with the protonated cytosines in the triplex. This opens the possibility to have alternative imino and wobble pairings for the d(G·C-C) triad ( Fig. 1 ; 14, 15) The strength of the d(A·T-T) and d(G·C-C) triads is extremely important for the global stability of the triplex. This explains the interest in developing modified bases that enhance the strength of R·Y-Y triads, which might then play a role as anti-gene drugs or diagnostic tools (1, (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) (36) (37) . Molecular dynamics and thermodynamic integration calculations suggested that 8-aminoadenine might be a triplex stabilizing molecule (31) (32) (33) . Synthesis, incorporation into DNA and melting experiments demonstrated the strong triplex-stabilizing properties of 8-aminoadenine (31) (32) (33) . It was suggested that the formation of an extra Hoogsteen H-bond (N8→O2), and the placement of the 8-amino group in the narrow and polar minor part of the major groove (mM groove) of the triplex were responsible for the stabilizing effect of 8-aminoadenine ( Fig. 1; 31 ,38) .
In this paper we present a theoretical and experimental study on the effect of guanine→8-aminoguanine substitution on the stability of DNA triplexes (from hereon 8-aminoguanine is abbreviated to 8aG except when it is within a nucleotide sequence-in this case the position of it is indicated by 1 to avoid confusion with adenine or guanine). This molecule was previously suggested as a triplex-forming molecule by other authors (34, 35) . Unfortunately, no clear conclusions were obtained, due to the high stability of the hemiprotonated G·G self-structure, which precluded the formation of stable complexes beyond the level of monophosphate. Here we have explored theoretically the effect of the G→8aG mutation for all possibilities for Hoogsteen-like G-C recognition: d(G·C-C) + , d(G·C-C) i and d(G·C-C) w , which might appear in different triplex sequences in different ranges of pH (Fig. 1) . Calculations suggest that the G→8aG substitution leads to a remarkable stabilization of the triplex at all range of pH values. This is confirmed and quantified experimentally from spectroscopic techniques after synthesis of the molecule and incorporation into DNA, extending preliminary results reported recently by our group (33) .
MATERIAL AND METHODS

Theoretical calculations
Triplex structures of sequence d(GAGAGAGAGA) were generated using our previously equilibrated structure (14) . Hoogsteen cytosines at positions 1, 3, 7 and 9 were protonated, and guanine at position 5 was replaced by 8aG. Three different models were then generated corresponding to the protonated d(8aG·C-C) + , the wobble d(8aG·C-C) i and the imino d(8aG·C-C) w triads. In all cases the sequences flanking the mutation site were kept unaltered. All these models were surrounded by sodium ions to maintain neutrality, and 4141 water molecules. The hydrated systems were optimized and equilibrated using our standard protocol (38, 39) . The final equilibrated structures were then used in 1.5 ns of molecular dynamics (MD) trajectory at constant pressure (1 atm) and temperature (298K).
Models of DNA duplex d(GAGAGAGAGA) were generated using Arnott's fiber parameters (40) . Structures were then surrounded by counterions to maintain neutrality, and hydrated by 4391 water molecules. The duplex was then optimized and equilibrated using our standard protocol (38, 39 ). The final structures were then used in 0.5 ns of MD simulation at constant pressure (1 atm) and temperature (298K).
Periodic boundary conditions and the PME method (41,42) were used to account for long range effects. SHAKE (43) was used to constrain all chemical bonds, which allowed us to use a 2 fs time step for integration of Newton equations. AMBER-99 force-field parameters were used in conjunction with previously optimized parameters for protonated and imino cytosine (14) , as well as with HF/6-31G(d)-RESP-derived atomic charges (44) for 8aG (parameters are available from the authors upon request).
The three final structures of the duplexes and triplexes obtained in the MD simulation were then used as starting points for thermodynamic integration (TI) calculations (45) , where the 8aG molecule was mutated into guanine both in the duplex and the three triplexes [containing the d(G·C-C) + , d(G·C-C) i , and d(G·C-C) w trios]. The difference between the reversible work necessary to perform these mutations gives the change in stability of the triplex formation (duplex→triplex process) due to the substitution of G by 8aG (Fig. 2) . Mutations were performed using 21 windows consisting of 10 ps of equilibration and 10 ps of collection, leading to MD/TI simulation of 420 ps. All mutations were repeated using the same simulation protocol, but starting from different conformations and velocities (those obtained 100 ps before the end of the MD). All technical details of MD/TI simulations are identical to those of normal MD simulations.
MD-averaged structures were determined using the last 0.4 (duplex) or 1 ns (triplexes) of the MD trajectories. All MD and MD/TI calculations were done using the AMBER-5.1 computer program. Analysis of the trajectories was carried out using CURVES, analysis modules in AMBER, as well as 'in-house' programs. All calculations were performed in the Centre de Supercomputació de Catalunya (CESCA) as well as at the workstations in our laboratories.
Chemicals
Protected phosphoramidites and DNA synthesis reagents were purchased from Perkin Elmer-Applied Biosystems (USA). Nucleosides were purchased from Pharma-Waldorf (Germany). Anhydrous solvents were obtained from SDS (France). The rest of the chemicals were from Fluka (Switzerland) and Aldrich (USA) and were used without further purification. Starting from 2′-deoxyguanosine, 8-amino-2′-deoxyguanosine was prepared as previously described (46) . Essentially the preparation of this nucleoside has three steps: (i) bromination of position 8 of dG with bromide in water, (ii) displacement of bromide with hydrazine and (iii) reduction of the resulting hydrazine derivative with Nickel Raney. The phosphoramidite derivative of 8-amino-2′-deoxyguanosine protected by the (dimethylamino)methylidene (DMF) group was prepared as previously described (47, 48) . The DMT-protected hexaethyleneglycol phosphoramidite was obtained from Glen Research (USA).
Oligonucleotide synthesis
Oligonucleotide sequences containing 8aG were prepared on an automatic DNA synthesizer using standard 2-cyanoethyl phosphoramidites and the DMF-protected 8aG phosphoramidite (47, 48) . Sequences were: A, 5′-GAA G1A GGA GAT TTT TCT CCT CCT TC-3′; B, 5′-GAA G1A 1GA 1AT TTT TCT CCT CCT TC-3′; and C, 5′-AGA 1AG AA(EG) 6 TTC TCT CT(EG) 6 TCT CTC TT-3′ where 1 represents 8aG and (EG) 6 represents hexaethyleneglycol. During solid-phase assembly of the sequences, 0.02 M iodine solution (tetrahydrofuran:water:pyridine) was used to prevent the formation of the N-cyano nucleosides (49) . Complementary oligonucleotides containing natural bases were also prepared using commercially available chemicals and following standard protocols. After the assembly of the sequences, oligonucleotide-supports corresponding to the 8aG sequences were treated with 32% aqueous ammonia containing 0.1 M 2-mercaptoethanol (7 µl/ml of ammonia) at 55°C for 24 h (48). Ammonia solutions were concentrated to dryness and the products were desalted with a NAP-10 (Sephadex G-25) column and purified by reverse-phase HPLC. Oligonucleotides were synthesized on 0.2-1 µmol scales and with the last DMT group at the 5′ end (DMT on protocol) to help reverse-phase purification. HPLC solutions are as follows: solvent A, 5% ACN in 100 mM triethylammonium acetate (pH 6.5); solvent B: 70% ACN in 100 mM triethylammonium acetate (pH 6.5). 
Melting experiments
Melting experiments described in Table 2 were performed as follows. Solutions of equimolar amounts of the hairpin oligonucleotide (h 26 ) and the 11mer (s 11 ) were mixed in the appropriate buffer. The solutions were heated to 90°C, allowed to cool slowly to room temperature and then samples were kept in the refrigerator overnight. UV absorption spectra and melting experiments (absorbance versus temperature) were recorded in 1 cm path-length cells using a spectrophotometer with a programmed temperature increase of 0.5°C/min. Melts were run on a duplex concentration of 4 µM at 270 nm.
The samples used in the experiments described in Table 3 were prepared in a similar way but melting experiments were recorded at 260 nm and using 0.1, 0.5 and 1 cm path-length cells. The DNA concentration was determined by UV absorbance measurements (260 nm) at 90°C, using for the DNA coil state the following extinction coefficients: 7500, 8500, 12 500, 12 500 and 15 000 M -1 cm -1 for C, T, G, 8aG and A, respectively (24) .
Analysis of the thermodynamic data was performed as described by Xodo et al. (24) . Melting curves were obtained at concentrations ranging from 0.77 to 32.6 µM of triplex containing three 8aGs. The melting temperature (T m ) of the first transition (corresponding to the dissociation of s 11 from the triplex) was measured at the maximum of the first derivative of the melting curve. The plot of 1/T m versus lnC (where C is the concentration) was linear. Linear regression of the data gave a slope of -0.0382 and a y-intercept of 0.00255, from which ∆H t , and ∆S t were obtained (24) . The free energy was obtained from the standard equation: ∆G t , = ∆H t -T∆S t . Melting temperatures of the second transition (hairpin denaturation) were independent of the concentration (76-77°C) as expected for a unimolecular transition.
NMR
NMR experiments were performed on an intramolecular DNA triplex of sequence 5′-AGA 1AG AA(EG) 6 TTC TCT CT(EG) 6 TCT CTC TT-3′ (for numbering see Scheme 1). This particular sequence was chosen for the NMR study because intramolecular triplexes formed by oligonucleotides of similar sequences have been extensively investigated by Prof. Feigon's group (50) . The solution structure of this sequence with unmodified oligonucleotide is available for comparison (51) . Also, this sequence has been used to study the effect of including chemically modified bases within the structure of the triplex (10, 11, 52) . For this reason, we decided to use the same oligonucleotide to check for the effect of 8aG on triplex formation. Purified samples of this oligonucleotide were dissolved in a phosphate buffer of either D 2 O or 9:1 H 2 O/D 2 O (25 mM sodium phosphate buffer, 100 mM NaCl), giving a final oligonucleotide concentration of ∼1 mM.
NMR spectra were acquired in a Bruker AMX spectrometer operating at 600 MHz, and processed with the UXNMR software. In the experiments in D 2 O, presaturation was used to suppress the residual H 2 O signal. NOESY (53) spectra were acquired with mixing times of 50 and 150 ms. TOCSY (54) spectra were recorded with standard MLEV-17 spin-lock sequence, and 80 ms mixing time. In 2D experiments in H 2 O, water suppression was achieved by including a WATERGATE (55) module in the pulse sequence prior to acquisition. NOESY spectra in H 2 O were acquired with 100 ms mixing time at 5°C. A jump-and-return pulse sequence (56) was employed to observe the rapidly exchanging protons in 1D H 2 O experiments.
RESULTS AND DISCUSSION
Theoretical calculations
Molecular dynamics simulations show that no important structural changes occur from the G→8aG mutation in the duplex. The trajectory of the duplex containing 8aG deviates only 1.5 Å from the MD-averaged structure of the reference duplex. This value is just slightly larger than the root mean square deviation (r.m.s.d.) between the trajectory of the reference duplex and its MD-averaged structure (1.4 Å). Helical parameters, grooves and sugar puckering of the duplex containing 8aG are not significantly different from those of the reference duplex. In all cases the expected pattern of H-bond interactions is preserved during the trajectory. In summary, the structural impact of the G→8aG on the duplex is very small.
The effect of the G→8aG mutation in the triplex structure is also small, and located at the mutation site. For instance, the r.m.s.d. between the trajectory of the triplex with the d(8aG·C-C) + triad and the MD-averaged structure of the reference triplex is just 1.05 Å, which compares with the self r.m.s.d. (the r.m.s.d. deviation between a trajectory and its averaged structure), as shown in Table 1 . The three triplex structures containing 8aG were very similar in structure, irrespective to the nature of the Hoogsteen cytosine (protonated, amino or imino). This is shown in Table 1 Analysis of grooves, helical parameters, and sugar puckering do not show any clear change in the general structure of the triplex that could be related to the G→8aG mutation, even some local and slight local distortions were found near the substitution site. The expected patterns of H-bonded interactions are found during all the trajectories. The H-bond distances in neutral d(8aG·C-C) triads are in general slightly larger and more flexible than in the protonated one. The helical parameters of the triplex containing a central d(8aG·C-C) + triad are in general similar to those of the triplexes containing neutral d(8aG·C-C) i , and d(8aG·C-C) w triads. The most significant differences are found for the minor part of the major groove, which is slightly narrower (0.3 Å), and less electronegative [as seen in the Molecular Interaction Potential (MIP) and solvation maps, Fig. 3 ] when the central Hoogsteen cytosine is protonated than when it is neutral. This can be easily justified considering that the presence of a positive charge in the Hoogsteen position reduces the negative potential generated by the phosphates. Such a reduction implies a less favorable environment for an NH 2 group, which suggests that the presence of an amino group in the mM groove should be less favorable for protonated triads than for the neutral ones. In summary, MD trajectories suggest that the G→8aG mutation does not introduce dramatic structural changes in either the duplex or the triplex. These results indicate that 8aG could be incorporated into DNA substituting G, and leading to stable duplexes and triplexes whose structures are not largely distorted with respect to the parent ones.
TI calculations were performed to estimate the changes in stability of triplexes due to the G→8aG mutation (see Materials and Methods and Fig. 2) . As noted before, free energy change for the process: duplex + TFO (triplex forming oligonucleotide)→triplex due to the G→8aG mutation was determined for the three possible triads: d(G·C-C) + , d(G·C-C) i and d(G·C-C) w , even though for the particular sequence studied here the protonated triad is theoretically expected to be the most relevant form at neutral or acidic pH (14) . Differential free energy profiles (Fig. 4) for the 8aG(λ = 0)→G(λ = 1) are smooth. The difference between the free energy estimates obtained with the first (equilibration) and second (collection) halves of each window, and between the two independent mutations are very small. All these findings suggest that no large uncertainties in the results are expected due to errors in the simulation protocol. Results in Figure 4 clearly suggest that the mutation G→8aG stabilizes the triplex by ∼1 kcal/mol. The magnitude of this stabilization depends on the nature of the triads, it being slightly larger for the neutral than for the protonated ones, as expected from the less negative values of the electrostatic potential in the mM groove.
Energy analysis of the three trajectories (data not shown) demonstrate that stacking interactions disfavor the G→8aG mutation, which is probably related to unfavorable electrostatic interactions of the exo-amino group with the neighbor triads. However, this effect is compensated by the larger strength of H-bonding interactions in triplexes containing 8aG, due mostly to the formation of an extra H-bond between the guanine and Hoogsteen cytosine (Fig. 1, 31,32 ).
Melting studies
In order to confirm the triplex-stabilizing properties of 8aG, oligonucleotides carrying 8aG were prepared. Oligonucleotide sequences A, B and C were prepared (see Materials and Methods). Deprotection of oligonucleotides was performed with 32% aqueous ammonia containing 0.1 M 2-mercaptoethanol as described previously (48) . The resulting products were purified by standard reverse-phase HPLC protocols. Characterization of the products was performed by mass spectrometry on shorter sequences (data not shown) and on sequence C by high field NMR (see below).
The triplex-stabilizing properties of 8aG were studied using a triplex model formed by a self-complementary hairpin of 26 bases (h 26 ) and an all pyrimidine single stranded oligonucleotide (s 11 ) described previously (24) . In most cases two transitions were observed. As described previously (25) , the first transition corresponds to the dissociation of the Hoogsteen strand (s 11 ) from the hairpin (triplex→duplex) and the second transition is the melting of the hairpin (duplex→single-strand). Melting temperatures at different pH are shown in Table 2 . Substitution of G by 8aG in a triplex results in a high stabilization of the triplex (between 6 and 15°C per substitution), as predicted by MD and TI calculations.
Moreover, the dependence of the triplex→duplex transition from DNA concentration was studied on the triplex with three 8aGs. Table 3 shows the melting temperatures of the triplex→duplex transition at triplex concentrations ranging from 0.77 to 32.6 µM. The melting temperature at the higher concentration could not be measured due to the proximity of the transition corresponding to the hairpin denaturation. This second transition remained independent of the concentration, as expected for a unimolecular transition. Conversely, melting temperatures of the triplex→duplex transition were decreasing with concentration from 63°C at 17 µM to 50°C at 0.77 µM. The plot of 1/T m versus lnC was linear giving a slope of -0.0382 and y-intercept of 0.00255, from which the following parameters were obtained: ∆H t = -217 kJ/mol; ∆S t = -544 J/mol·K; ∆G t = -55 kJ/mol. In the same conditions, the thermodynamic parameters for the dissociation of an s 11 derivative having 5-methylcytosine instead of cytosine from unmodified h 26 were ∆H t = -274 kJ/mol; ∆S t = -784 J/mol·K and ∆G t = -40 kJ/mol. Although the differences in the chemical nature of s 11 should be taken into account, the comparison between these values gives a ∆G t difference of -15 kJ/mol for three G→8aG mutations which is 5 kJ/mol per substitution (-1.2 kcal/mol) in good agreement with theoretical calculations (around -1 kcal/mol). 1 H NMR spectra were assigned using established techniques for right-handed helical nucleic acid structures using DQF-COSY, TOCSY and 2D NOESY spectra (57, 58) . Cytosine H5 and H6 protons were easily identified by their strong cross-peak in the TOCSY spectra in D 2 O, and they were connected to their sugar spin system by the cross-peaks between H6 and H1′ and H2′/2″ in the NOESY spectra in D 2 O. A similar procedure, starting from the Met-H6 TOCSY cross-peaks, was used to assign the thymines. NOE connectivities between sugar protons with their own base and their 5′-neighbor allowed for the sequential assignment of all deoxyribose spin systems. The deoxyribose spin system of the 8aG was identified by the sequential NOEs between H1′, H2′ and H2″ with H8 of the adjacent adenine 5. Cytosine amino protons were identified by their strong crosspeaks with H5 in the NOESY spectra in H 2 O. Connections between H5C→HN4C→H1G or H5C→HN4C→H3C + could be followed for the Watson-Crick and protonated Hoogsteen cytosines, respectively. Imino protons of the Watson-Crick or Hoogsteen thymines were assigned by their strong cross-peaks with adenine H2 or H8. In most d(A·T-T) triads, the complete path H8A→H3T h →H6A→H3T wc →H2A could be observed ( Fig. 5; Scheme 1) . Most of the exchangeable protons of adenines, cytosines and thymines were assigned, with the only exception of the imino and amino protons of the terminal trios. None of the amino protons of guanines was assigned. The 8-amino protons of the modified guanine were not detected in an ample range of pH and temperature, due probably to a very rapid intrinsic exchange with the solvent.
NMR-derived structure calculations are necessary to get a detailed description of the effect of 8aG in the structure of the triplex. However, some features of the structure of this molecule can be readily derived from the NMR spectra. Most importantly, the integrity of the triplex along the whole sequence can be assessed from the NOE pattern between exchangeable protons in canonical d(A·T-T) and d(G·C-C) + triplets. Also, the three Hoogsteen imino protons chemical shifts are typical of protonated cytosines (15.75, 14 .97 and 14.96 p.p.m. for C + 18, C + 20 and C + 22, respectively). It is worth noting that a full protonation state for cytosines (specially at acidic pH) was expected for this sequence since the d(G·C-C) triad is surrounded by neutral triads (14, 15) .
Although the key cross-peak between H3C + 20 and the 8-amino of G4 was not observed, the chemical shift of this imino is consistent with the formation of a Hoogsteen base-pair with the modified guanine. Chemical shifts of the amino protons of cytosines 11, 13 and 15 are typical of Watson-Crick base-pairs (Fig. 5) . In the case of C + 18 and C + 22, these protons are shifted to lower field, as usual in the Hoogsteen strand of triplexes, but this is not the case for the amino protons of C + 20 (8.74 and 7.70 p.p.m.). Although less pronounced, significant changes with respect to the unmodified triplex are also observed for the chemical shifts of the imino of the G4 and the amino protons of C13 (0.4 and 0.3 p.p.m., respectively). These observations may indicate some kind of slight distortion in the modified triad, which might be related to local rearrangements necessary to accommodate an additional H-bond.
It is interesting to notice that the differences in chemical shifts of the non-exchangeable protons between the modified and the unmodified triplex are localized in the neighborhood of the 8-amino group (mainly residues 4, 5, 20 and 21). Since the chemical shifts are very sensitive to any structural change, it can be concluded that the slight structural alterations at the mutation site are not transferred to the rest of the triplex, as suggested by MD simulations on a related triplex (see above).
The stability of the triplex containing 8aGs, observed in the UV melting curves, is confirmed by the NMR spectra in H 2 O. Exchangeable protons spectra at pH 7 at different temperatures are shown in Figure 6 . The imino signals of the protonated cytosines are clearly observed at low temperature. Some signals, including the imino resonances of two Hoogsteen thymines, can be observed up to 45°C. These data are consistent with an stable triplex at neutral pH, and confirm that the low temperature transition observed in the UV melting experiments is, in fact, a triplex denaturation.
CONCLUSIONS
Theoretical calculations predict that the substitution of G by 8aG induces only small changes in the general structure of DNA triplexes. UV melting experiments, and NMR data confirm these suggestions. 6 TTCTCT CT(EG) 6 TCTCTCTT-3′ in H 2 O (150 ms mixing time, 1.0 mM oligonucleotide concentration, T = 5°C, pH 5). In the upper part, cross-peaks between vecinal cytosine amino protons are indicated. In the lower part, intraresidual imino-amino cross-peaks for the protonated cytosines are shown (18, 20 and 22) , together with some inter-strand NOEs.
MD/TI calculations strongly suggest that the substitution G→8aG stabilizes the triplex in a wide range of pH. NMR and UV experiments demonstrate experimentally the large magnitude of the stabilization effect due to the G→8aG mutation. MD/TI and melting experiments suggest ∼1 kcal/mol of stabilization for each mutation.
It is suggested that the stabilizing effect of the G→8aG mutation is related to: (i) the extra Hoogsten H-bond formed, and (ii) the favorable electrostatic interactions between the 8-NH 2 group and the negative mM groove of the triplex.
